INTRODUCTION
Trace amounts of many metallic elements are essential, while others are toxic; some can be both, depending on concentration. In either case, the reasons for variation between people are important. Because essential elements are obtained from the diet, their variation has usually been seen from an environmental perspective. However, in addition to differences in diet and other environmental exposure, genetic variation in absorption, metabolic transformation or storage can be important in determining individuals' risk of deficiency or toxicity.
Our previous twin studies have shown evidence for heritable variation in humans for the essential elements copper (Cu), selenium (Se) and zinc (Zn) and for the toxic ones arsenic, cadmium, lead and mercury. Linkage analysis identified chromosomal regions which may contain genes affecting concentrations of these elements in blood (1, 2) . We now extend the search for gene polymorphisms affecting essential or toxic † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors and that the last two authors should be regarded as joint Last Authors. element concentrations using genome-wide association study (GWAS). This paper concentrates on Cu, Se and Zn.
For Cu, intestinal absorption, tissue and subcellular distribution, and excretion in the bile are each subject to regulation (3, 4) . Incorporation of Cu into enzymes and transporters requires chaperone proteins (5, 6) . Excretion requires efflux transporters, and major defects in the Cu transporters ATP7A and ATP7B lead to deficiency (Menkes' disease, OMIM #309400) and overload (Wilson's disease, OMIM #277900), respectively. Experimental deficiency states are associated with fetal malformation and defects in neuronal development (7, 8) , while human studies have associated variation in Cu status with neurodegeneration (9,10) including a specific myelinopathy improved by Cu supplementation (11) .
Control of absorption of Se is less critical because excretion occurs readily in both urine and faeces. In tracer studies, a high proportion of labelled Se is excreted within a few hours of administration (12) . After absorption, selenoaminoacids, selenate and selenite are converted to selenide, which in turn gives rise to selenophosphate, selenocysteine-tRNA and selenoproteins. Excess Se is excreted as selenosugars, dimethylselenide or trimethylselonium ion (13) . There is evidence for a number of diseases being associated with Se deficiency, including prostate cancer (14) , cardiovascular disease (15) , infertility and obstetric complications (16) , and HIV progression and viral evolution (17, 18) .
Intestinal Zn absorption requires specific transporters, both for uptake into enterocytes and release to the circulation, and transporter expression is modified by Zn status (19, 20) . Zn is a constituent of a large proportion of enzymes, and free Zn is an important intracellular signalling molecule subject to subcellular compartmentalization maintained by specific transporters (21, 22) . Zn deficiency promotes oxidative stress and has been associated with cardiovascular disease and diabetes (23, 24) , immune dysfunction and infectious diseases (25, 26) , and male infertility (27) . There is evidence for Zn affecting the processing and aggregation of amyloid precursor protein (28, 29) . Severe human Zn deficiency is found in association with genetic defects of SLC39A4 encoding the transporter Zip4 (acrodermatitis enteropathica, OMIM #201100) or in extreme lack of available Zn in foods (30) . Relative Zn deficiency may be more common, and the beneficial effects of Zn supplementation in human controlled trials (31) support this concept.
In summary, there are many gene products where variation in structure or expression could affect Cu, Se or Zn status, and thus affect health or risk of disease. We apply the hypothesis-free approach of genome-wide association to identify loci which affect Cu, Se or Zn status, using data from adult participants in community-based studies in Australia and the UK. This is, to our knowledge, the first GWAS of blood Cu, Se and Zn concentrations.
RESULTS
Overall results for the genome-wide association analyses are summarized in Figure 1 . Details for genome-wide significant loci (P , 5 × 10
28
) showing the single-nucleotide polymorphism (SNP) with the lowest P-value at each locus (in either cohort or in the combined data), are given in Table 1 and a list of suggestive loci (with lowest P-values between 5 × 10 26 and 5 × 10 28 ) in Supplementary Material, Table S1 . Association data for all SNPs can be downloaded from a link provided in the Supplementary Information. There were two significant loci for Cu (both on chromosome 1), one for Se on chromosome 5 (which was identified as significant in both the Australian and UK studies) and three for Zn (on chromosomes 8, 15 and X). Collectively, these significant loci accounted for 5% of the phenotypic variance for Cu, 4% for Se and 8% for Zn. Regional plots for each significant locus are shown in Figure 2 .
Significant SNP associations for Se at the chromosome 5 locus extended over several genes, with P , 10 210 in both the Australian (QIMR) and UK (ALSPAC) data across DMGDH, BHMT2 and BHMT. The location of the most significant SNP differed between the cohorts (Supplementary Material, Fig. S1 ), being in DMGDH (rs921943) for ALSPAC and BHMT (rs7700970) for QIMR. Meta-analysis gave the strongest association for rs921943, and repeating the analysis with this SNP included as a covariate revealed a second significant effect peaking at rs506500 (P ¼ 4.51 × 10 210 in ALSPAC, P ¼ 0.00057 in QIMR, P ¼ 7.69 × 10 212 combined). The two independent and significant effects at this locus are illustrated in Supplementary Material, Figure S2 .
None of the genome-wide-significant SNPs listed in Table 1 for Cu, Se or Zn showed evidence of association with more than one of these elements, even at P , 0.05. However, the suggestive SNPs showed one locus which may affect both Cu and Zn. This was at EPHA6 (EPH receptor A6), where two uncommon SNPs showed a suggestive result (P , 5 × 10
26
) for one element and a P-value far lower than would be expected by chance for the other. Details are given in Supplementary Material, Table S2 and Figure S3 .
Gene-based analysis showed no additional significant loci beyond those already identified by allelic association analysis of the SNP data.
DISCUSSION
The overall result of our GWAS approach to blood or erythrocyte concentrations of Cu, Se and Zn was the identification of significant loci for each. For Se, where we had data from both studies, the results are mutually reinforcing. This adds evidence to our previous conclusion (2) , based on the classical twin method, that genetic variation plays a role in availability of these elements to the tissues for their physiological functions and potentially affects the risk of deficiency. The findings for each element will be considered in turn.
Copper
Two regions on chromosome 1 were found to have significant effects on Cu concentration in erythrocytes, as shown in Figures 1 and 2 . At 3.6 Mbp, a region of significant association included the genes CCDC27, LOC388588 and LRRC47, with the regions of linkage disequilibrium extending to cover KIAA0562 and DFFB. None of these genes codes for proteins with known functions or disease associations relevant to Cu metabolism. The second chromosome 1 locus 149.6 Mbp contains SELENBP1, with significant associations extending (probably because of linkage disequilibrium) across PSMB4 and POGZ.
The latter two genes have no obvious connection with Cu status, while SELENBP1 codes for selenium binding protein 1. This protein has no previously documented relationships with Cu, having been studied mainly as a tumour suppressor gene, but the highly significant association with erythrocyte Cu in our data (P ¼ 2.6 × 10
220
) makes it unlikely that this is a false positive result and the location of the most strongly associated SNP within an intron of SELENBP1 makes this the prime candidate for mediating the association with Cu. Each of these chromosome 1 loci for Cu shows indications of regulatory activity in the ENCODE browser, including an H3K27Ac mark in the K562 erythroleukemia cell line. H3K27Ac marks (acetylation of lysine 27 of the H3 histone protein) may indicate sites of enhanced transcription, and the fact that this is found in the erythroleukemia cell line but not the others tested may mean that this is specific to the erythrocyte lineage. However, details of possible links between this regulatory function and erythrocyte Cu uptake and content are unknown.
Selenium
Significant associations between Se and a locus on chromosome 5 ( Fig. 2) were present in both the Australian and UK data, although the location of the most significant SNP differed slightly (Supplementary Material, Fig. S1 ). The most significant SNP for Se in the meta-analysis was in DMGDH, coding for dimethyglycine dehydrogenase, although the region of significant hits also covered BHMT2 and BHMT (coding for betaine homocysteine methyl transferases). A second, independent effect was revealed by conditional analysis and the most significant SNP was located within BHMT. While we cannot confidently ascribe these two effects to DMGDH and BHMT, respectively, the enzymes coded by the genes at this locus are all involved in metabolism of sulphur-containing amino acids (conversion of homocysteine to methionine) and may therefore play a role in selenoaminoacid metabolism. These enzymes are also involved in methylation and, as noted above, dimethylselenide and trimethylselonium are two of the excreted Se compounds. In addition, a SNP in CBS (coding for cystathionine beta synthase), another enzyme involved in sulphur-containing amino acid metabolism, showed suggestive association with Se (rs6586282, P ¼ 4.6 × 10 26 , see Supplementary Material, Table S1 ). The relevant part of the metabolic pathway of sulphur-containing amino acids is summarized in Supplementary Material, Figure S4 .
No previous and relevant genetic studies could be found, and attempts to define the relevant gene by searching published information for effects on gene expression were not helpful. At least one SNP in this region, rs921945, is an eQTL for BHMT2, but this SNP did not show significant association with Se in our data (P ¼ 0.055). Although we cannot define whether the significant SNPs in this region affect BHMT, BHMT2 or DMGDH activity (or perhaps all three), it seems probable that variation at this locus affects selenoaminoacid metabolism and hence the concentration of Se in erythrocytes.
Zinc
Three regions showed significant associations with Zn concentrations. The effect 86.5 Mbp on chromosome 8 can most readily be explained by the location of genes coding for carbonic anhydrases (CA1, CA2, CA3, CA13) in this region. Carbonic anhydrases are Zn-containing enzymes which catalyse the formation and dissociation of carbonic acid from carbon dioxide and water, and play an important role in carbon dioxide transport. It is known that carbonic anhydrases account for nearly all the Zn in erythrocytes (32, 33) so presumably the significant SNPs in this region either control, or are associated with untyped variants which control, expression of carbonic anhydrases. In this connection, we note that SNPs in this region affect the expression of CA2, CA3 and CA13 in transformed lymphocyte lines (34) and that the SNPs which affect expression of CA2 also showed suggestive associations with Zn concentrations in our data (see Supplementary Material, Table S3 ). In addition, there is evidence that expression of CA3 in the liver is affected by rs7004871 [P ¼ 4.8 × 10
28 for CA3 expression (35)]; the P-value for this SNP for Zn concentration in our results is P ¼ 0.0028 but nearby SNPs show P , 5 × 10 28 . The chromosome 15 locus covers a number of genes including SCAMP5 and PPCDC. The former has no obvious connection with Zn but PPCDC, coding for phosphopantothenoylcysteine decarboxylase, might affect Zn status through effects on vitamin B5 (pantothenate) metabolism. A neurological syndrome of pantothenate kinase-associated neurodegeneration (OMIM #234200, Neurodegeneration with Brain Iron Accumulation 1; NBIA1) is due to enzyme deficiency at an early step of the CoA synthesis pathway. Study of the effects of pantothenate kinase deficiency in Drosophila showed that heterozygosity for either of two mutations in that gene was associated with substantially increased whole-body Zn concentration (36) . Flies heterozygous for pantothenate kinase deficiency had upregulated transcription of foi, the Drosophila homolog of the mammalian enterocyte Zn transporter Zip4. By analogy, we speculate that other genetic variation in the CoA synthesis pathway, specifically in PPCDC, could also lead to variation in Zn metabolism and hence to our allelic association finding. Examination of the ENCODE data for the chromosome 15 locus showed evidence for regulatory regions close to the lead SNP rs2120019 in Table 1 . Genome-wide-significant results (P , multiple cell types (GM12878, HSMM, HUVEC, K562 and NHLF), which would be consistent with a widespread requirement for pantothenate and for regulation of PPCDC; but this cannot be taken further with our current data.
The SNPs on the X chromosome showing significant associations with Zn concentrations cover a wide region. Genes within this locus include those for the Zn-finger proteins KLF8, ZXDA and ZXDB, so genetic variation in this region may affect Zn concentration through effects on the expression of Zn-containing proteins in a similar way to that which we suggest for the carbonic anhydrase genes. Multiple SNPs within this region (listed in Supplementary Material, Table S4 ) affect expression of KLF8 in lymphoblastoid cell lines (34) , although the exact locations of the peak effects on KLF8 expression and Zn concentration do not coincide. No similar effect could be found for ZXDA or ZXDB.
Comparison with genetic linkage results
Data from the Australian cohort were previously used in a genetic linkage design (2), in which suggestive results (LOD . 1.6) were found for Se on chromosomes 4 and 8 (peak LOD scores 2.46 at 130 cM, approximately 128 Mbp, and 2.05 at 25 cM, approximately 11 Mbp, respectively) and for Zn on chromosome 2 (peak LOD score 2.73 at 220 cM, approximately 219 Mbp). In our current study, we found no suggestive (P , 5 × 10
26
) allelic associations for these elements within 10 Mbp of these three regions. As polygenic effects will not be detected by sib-pair linkage with feasible numbers of subjects unless they account for 10-20% of variance, the linkage results are not supported by the allelic association data. The exception would be if there were many different, family-specific, variants at one locus; so far, there is little evidence for this type of variation affecting quantitative traits in the general population, but it cannot be excluded.
Limitations
The study design and data availability impose some limitations on our results and the conclusions which can be drawn from them. The elemental analyses were conducted on blood or blood cells and the factors affecting concentrations in other tissues may well differ. Lack of speciation data means that no differentiation can be made between inorganic, organic and protein-bound forms of the measured elements. Functional studies, which are beyond the scope of this article, will be needed to address the mechanisms by which gene variation produces variation in the phenotype. In this article, we have a focus on the general population rather than groups at particularly high risk of deficiency and this aspect too requires further study.
Conclusions
Application of the genome-wide association approach to data on essential element concentrations has shown multiple loci where genetic variation affects these phenotypes, and this provides examples supporting the proposition that genetic differences between people can affect response to nutritional or other environmental factors. Definition of such allelic effects may identify subgroups who are more susceptible to deficiency, and allow selection of subjects likely to benefit either in trials of supplementation or (where the therapeutic window is narrow) in assessment of individual risks and benefits of treatment. As with other genetic studies on quantitative characteristics, study of larger cohorts or meta-analysis of data from multiple studies is expected to reveal additional loci and provide additional insight into the biological processes affecting uptake, excretion and distribution of essential elements in humans.
MATERIALS AND METHODS

Australia (QIMR)
Our analysis is based on the results for 2603 adults with phenotype and genotype data who participated in one or both of two studies run from the Queensland Institute of Medical Research (QIMR).
The first of these studies recruited twins born before 1964 who were enrolled in a volunteer registry (the Australian Twin Registry). Subjects and methods for this study are described in ref. (2) . Briefly, participants completed a postal questionnaire in 1989 and a telephone interview in 1993 -1994, and provided a blood sample in 1993 -1996. We initially determined zygosity from responses to questions about physical similarity, but this has now been updated for those with data included in this article using SNP-typing results. Participants gave written informed consent, and the studies were approved by the appropriate ethics committees. Blood was collected from 1134 men and 2241 women.
As blood samples had been fractionated to provide plasma, buffy coat for DNA extraction, and erythrocytes, we used erythrocytes rather than whole blood for elemental analysis. Samples were stored at 2808C. Before analysis, the erythrocytes were thawed at room temperature and diluted 1:20 in ammonia/EDTA solution containing rhodium as an internal standard. Cu, Se and Zn concentrations were measured by inductively coupled plasma mass spectrometry (ICP-MS) on a Perkin-Elmer Elan 5000 mass spectrometer (PerkinElmer, Inc., Wellesley, MA, USA) or a Varian UltraMass (Varian Inc., Palo Alto, CA, USA). Haemoglobin concentration was then measured on the diluted samples using the cyanmethemoglobin method.
Results were log-transformed and analysis batch, haemoglobin concentration in the thawed sample and analytical quality control data were used as covariates in preliminary steps which generated standardized residuals for subsequent analysis, as previously described (1) . Of the 2926 participants from this 1993-96 Twin Study with measurements of element concentrations in erythrocytes, 1570 had genome-wide SNP genotyping data. Genotypes were determined using Illumina chips; methods, quality control steps and imputation of untyped HapMap 2 SNPs were as previously described (37) .
The second of the Australian studies which generated data on trace element concentrations took place in 2001 -05 and was designed to characterize loci affecting alcohol or nicotine dependence through a genome-wide association approach (38) . This was a twin-family design, in which relatives of participants in our earlier twin studies were also recruited. Data were again obtained through telephone interviews, and blood samples were obtained from 8396 people. Again, element concentrations were determined on erythrocyte fractions by ICP-MS, but with an Agilent 7500 system (Agilent Technologies, Inc., Santa Clara, CA, USA). Covariate adjustment and generation of standardized residuals were carried out in the same way as for the previous study. One thousand one hundred and four people from the nicotine-alcohol studies had both phenotypic (element) data and genome-wide SNP data.
After allowing for overlap of 71 people who had data from participation in both the earlier and later Australian studies, there were 2603 valid sets of phenotype and genotype results. Genome-wide allelic association analysis was carried out on the standardized residuals for each element, further adjusted for sex and age, using an additive model accounting for withinfamily relatedness in Merlin (39) (http://www.sph.umich.edu/ csg/abecasis/Merlin/, accessed 7 June 2012).
UK (ALSPAC)
The Avon Longitudinal Study of Parents and Children (ALSPAC), also known as Children of the Nineties, was designed to understand the ways in which the physical and social environments interact over time with genetic inheritance to affect health, behaviour and development in infancy, childhood and then into adulthood (40, 41) . The study area (the county of Bristol, formerly known as Avon) is an area bordering the Severn estuary, with a total population of 1 million, and includes Bristol, a major city of population 0.5 million, and surrounding areas which include small towns, villages and farming communities. Eligible women were those who were pregnant, resident in the study area and had an expected date of delivery between 1 April 1991 and 31 December 1992. They were recruited as early in pregnancy as possible. Of all mothers who were interested in taking part, an estimated 80% of the eligible population were included and answered at least one questionnaire. Maternal blood samples were collected in acid washed vacutainers by midwives on the first occasion on which they saw the pregnant women. Samples were kept as whole blood in the original tubes stored at 48C.
Trace metal analysis was performed by the Center for Disease Control, Atlanta, GA in 2009-10. Clotted whole blood was digested by adding concentrated nitric acid and heating in a microwave at a controlled temperature and time. Addition of rhenium prior to heating allowed the correction of results for any loss due to evaporation. The digestion matrix was diluted 1:9 by volume using internal standards (Ir and Te) at a constant concentration. Diluted liquid samples were introduced as an aerosol into the inductively coupled plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS) through a nebulizer and spray chamber carried by a flowing argon stream. For the analysis of Se, the cell was pressurized with methane allowing collision or reaction with the incoming ions to reduce interference.
A total of 10 015 women (mothers from the ALSPAC cohort) were genotyped using the Illumina 660 quad SNP chip which contains 557 124 SNP markers. Markers with minor allele frequency , 1%, SNPs with .5% missing genotypes and any markers that failed an exact test of Hardy-Weinberg equilibrium (P , 1 × 10
26
) were excluded from further analyses. Genome-wide identity by state sharing was calculated for each pair of individuals in the cohort to identify cryptic relatedness. In order to identify individuals who might have ancestries other than Western European, we merged data from both cohorts with the 60 western European (CEU) founder, 60 Nigerian (YRI) founder and 90 Japanese (JPT) and Han Chinese (CHB) individuals from the International HapMap Project. Genome-wide IBS distances for each pair of individuals were calculated on markers shared between the HapMap and the Illumina 660K SNP chip, and then the multidimensional scaling option in R was used to generate a two-dimensional plot based upon individuals' scores on the first two principal coordinates from this analysis. Samples that did not cluster with the CEU individuals were excluded from subsequent analyses. In addition, we plotted the proportion of missing data for each individual against their genome-wide heterozygosity. Any individual, who did not cluster with others, was removed from further analyses. Samples were also excluded from analyses in the case of excessive missingness (.5%), unusual genome-wide or X chromosome heterozygosity, as well as one individual from each pair of putatively related individuals (genome-wide IBD .10%). After data cleaning, 8340 individuals and 526688 SNPs were left in the genome-wide data set.
We then conducted imputation using the MACH Markov Chain Haplotyping software with CEU individuals from phase 2 of the HapMap project as a reference set (release 22). The final imputed data set consisted of 8340 individuals, each with 2 594 390 imputed markers. Only imputed genotypes with minor allele frequencies ≥1% and R-sqr ≥0.3 were considered for association. Of these 8340 with genetic data, 2874 mothers also had phenotype data available.
Metal concentrations were log 10 transformed to approximate normality. Batch was included as a random effect and standardized residuals were derived. We then performed genome-wide association analysis on these residuals using the software package mach2qtl (42) .
Further analysis
Results from the Australian and UK data for Se were compared and combined by meta-analysis using METAL (43) (http ://www.sph.umich.edu/csg/abecasis/Metal/, accessed 6 June 2012). Results were visualized using WGAViewer (44) (http ://compute1.lsrc.duke.edu/softwares/WGAViewer/, accessed 6 June 2012) and LocusZoom (45) (http://csg.sph.umich.edu/ locuszoom/, accessed 6 June 2012). Conditional analysis, in which the most significant SNP at each locus was included as a covariate in order to detect independent effects at significant loci, was carried out on each of the data sets and results were combined by meta-analysis. Gene-based analysis with VEGAS (46) (http://gump.qimr.edu.au/VEGAS/, accessed 30 October 2012) was used to check whether any genes showed a significant over-representation of nominally significant SNPs, as might occur if several variants in a gene, not in linkage disequilibrium with each other, affect the phenotype. Regions around SNPs which showed genome-wide significance were checked for expression QTLs using 'eQTL.Chicago.edu!' (http://eqtl.uchica go.edu/cgi-bin/gbrowse/eqtl/, accessed 5 November 2012) and 'mRNA by SNP Browser' (http://www.sph.umich.edu/csg/lia ng/asthma/, accessed 9 April 2013); and for regulatory elements using the ENCODE browser (47) (http://genome.ucsc.edu/ cgi-bin/hgTracks, accessed 9 April 2013).
